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ᓲ ி⹒*㸪኱ᓮ ⣧**, ୰ᮧዋ࿃*** 
Jinglan CUI , Makoto OHSAKI and Keigo NAKAMURA 
 
A method is presented for optimization of free-form shells consisting of developable surfaces. The surface is modelled as 2×1 or 3×1 tensor 
product Bézier surfaces. The developability conditions are assigned numerically as constraints for the optimization problem for 
minimizing the maximum principal stress under various static loading conditions as the mechanical performance. The control points of 
the boundary Bézier curves are considered as design variables. A continuity condition of normal vector of surface is proposed for 
connecting developable surfaces. Optimal solutions are found using a nonlinear programming approach, and a finite difference 
approximation is used for sensitivity analysis. Effectiveness of the proposed approach is confirmed through various examples and  
characteristics of the optimal shapes are discussed. 
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Step 1  ቃ⏺᮲௳㸪ᮦᩱᐃᩘ࡞࡝ࢆỴࡵࡿࠋ 
Step 2  ࣋ࢪ࢚᭤㠃ࡢ㐃⥆᮲௳ࡢ✀㢮ࢆᐃࡵ࡚㸪ไᚚⅬᗙᶆࡢ
ึᮇ್࡜ୖ͑ୗ㝈್ , ࢆタᐃࡍࡿࠋ 
Step 3  ( )G Q ࢆ┠ⓗ㛵ᩘ࡜ࡋ࡚᭱㐺໬ࢆᐇ⾜ࡋ㸪チᐜゎࡀᏑᅾ
ࡋ࡞ࡅࢀࡤ㸪Step 2࡟ᡠࡗ࡚ , ࢆኚ᭦ࡍࡿࠋ 












࡟ࡘ࠸࡚ u =0.1, 0.2, 0.4, 0.5, 0.6, 0.8, 0.9࡜ࡍࡿࠋ 
タィእຊࡣ㸪㖄┤᪉ྥ࡟ࡣ⮬㔜ࢆ, x , y ㍈࡛ᐃࡵࡽࢀࡿỈᖹ᪉ྥ
࡟ࡣᆅ㟈Ⲵ㔜ࢆ᝿ᐃࡋ࡚⮬㔜ࡢ 0.3 ಸࡢⲴ㔜ࢆస⏝ࡉࡏࡿࠋ᭤㠃ࡢ
㠀ᑐ⛠ᛶࢆ⪃៖ࡍࡿ࡜㸪Ⲵ㔜᮲௳ࡣ㸪⮬㔜㸪⮬㔜 ᪉ྥᆅ㟈Ⲵ㔜㸪
⮬㔜 ᪉ྥᆅ㟈Ⲵ㔜ࡢ 5ࢣ࣮ࢫ࡛࠶ࡿࠋ᭤㠃ࢩ࢙ࣝᵓ㐀ࡣཌࡉ 0.2
ࡢࢥࣥࢡ࣮ࣜࢺࢆ᥇⏝ࡋ㸪ࡑࡢࣖࣥࢢಀᩘ㸪࣏࢔ࢯࣥẚ࠾ࡼࡧẚ
㔜ࡣࡑࢀࡒࢀ 24 GPa, 0.2, 24.5 ࡜ࡍࡿࠋࡲࡓ㸪ᘧ(13)࡟࠾࠸
࡚, 10m  , 10p  ࡜ࡋ㸪௬ࡢ┠ⓗ㛵ᩘ  ( )G Q ࡣࢩ࢙ࣝࡢ⾲㠃✚࡜
ࡍࡿࠋྛ㒊ศ᭤㠃ࡢࣃ࣓࣮ࣛࢱ ࡜ ࢆ 4.2⠇ࡢࣔࢹ࡛ࣝࡣࡑࢀࡒ




4(a)࡟♧ࡍ 4ࡘࡢ㝮Ⅼ ࡛ࣆࣥᨭᣢࡉࢀ࡚࠸ࡿࠋᅗ 4(b)ࡣ㸪
















኱୺ᛂຊࡣ 1.784 MPa ࡛࠶ࡾ㸪ึᮇᙧ≧ࡢ 16.6㸣ࡲ࡛ῶᑡࡋ࡚࠸
ࡿࠋᅗ 6(a), (b)ࡣྛⲴ㔜ࢣ࣮ࢫ࡟࠾ࡅࡿྛせ⣲᭱኱୺ᛂຊࡢ➼ᛂຊ
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 ᭱኱್ ᭱ᑠ್ ᖹᆒ್ 
ึᮇᙧ≧ 10.741 0.681 2.525 
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኱್ࡢศᕸࢆᅗ 10࡟♧ࡍࠋᅗ(a), (b), (c)ࡣ㸪ࡑࢀࡒࢀタィ㡿ᇦࢆࣃ
࣓࣮ࣛࢱ࡛⾲ࡋࡓึᮇᙧ≧㸪 ᥋ྜ᭱㐺ᙧ≧㸪 ᥋ྜ᭱㐺ᙧ≧ࡢ
➼ᛂຊ⥺ᅗ࡛࠶ࡿࡀ㸪4 ࡘྍᒎ㠃ࡢ᥋ྜ࡟ࡼࡾᵓᡂࡉࢀࡓ᭤㠃࡛࠶
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SHAPE OPTIMIZATION OF FREE-FORM SHELLS CONSISTING OF 
DEVELOPABLE SURFACES 
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Recently, a number of designers have focused on free-form surface shell to realize a free architectural form that is 
different from the analytical curved surface such as cylindrical or spherical surfaces. However, in order to create rational 
architectural forms, constructability and cost are also essential factors to be considered. 
Developable surface is a special form of ruled surface generated by continuous movement of the straight line. It can 
be obtained by adding the condition that the normal vector of the surface does not change along the generating line 
(generatrix). Because the generatrix is a straight line without torsion, the formwork of continuum shell is easily created. 
Since the twisting process is not required, it has a high workability characteristics. 
In this study, several developable surfaces are combined to form a curved roof structure. The (n,1) Bézier surface is 
used for modeling the surface. Optimization problem is formulated for minimizing the maximum principal stress under 
several static loading conditions including vertical and horizontal loads. The coordinates of control points of the Bézier 
surface are chosen as design variables. The developability condition is numerically assigned so that the tangent vectors 
at the same parameter value of the two Bézier curves along the boundary exist in the same plane as the directing line. 
The  and  continuity conditions are assigned for connecting the Bézier surfaces. Optimal solutions are found 
using nonlinear programming approach, where the sensitivity coefficients are computed by the finite difference 
approximation. 
As the result of optimization, a variety of developable surfaces are obtained by connecting Bézier surfaces. Since the 
control points of the curves are chosen as design variables, the calculation efficiency is high. The stress distribution also 
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